Glitches detected in pulsar timing observations at the Nanshan radio telescope of Urumqi Observatory between 2002 July and 2008 December are presented. In total, 29 glitches were detected in 19 young pulsars, with this being the first detection of a glitch in 12 of these pulsars. Fractional glitch amplitudes range from a few parts in 10 −11 to 3.9 × 10 −6 . Three "slow" glitches are identified in PSRs J0631+1036, B1822−09 and B1907+10. Post-glitch recoveries differ greatly from pulsar to pulsar and for different glitches in the same pulsar. Three small glitches in PSRs B0402+61, B0525+21 and J1853+0545 show evidence for normal post-glitch recovery, but for PSRs B0144+59 and B2224+65 the spin frequency ν continually increases relative to the pre-glitch solution for hundreds of days after their small glitches. Most large glitches show some evidence for exponential post-glitch recovery on timescales of 100 -1000 days, but in some cases, e.g., PSR B1758−23, there is little or no recovery, that is, no detectable increase in |ν| at the time of the glitch. Beside exponential recoveries, permanent increases in slowdown rate are seen for the two large glitches in PSRs B1800−21 and B1823−13. These and several other pulsars also show a linear increase inν following the partial exponential recovery, which is similar to the Vela pulsar post-glitch behaviour. However, the rate of increase,ν, is an order of magnitude less than for the Vela pulsar. We present improved positions for 14 of the glitching pulsars. Analysis of the whole sample of known glitches show that fractional glitch amplitudes are correlated with characteristic age with a peak at about 10 5 years, but there is a spread of two or three orders of magnitude at all ages. Glitch activity is positively correlated with spin-down rate, again with a wide spread of values. For some (but not all) pulsars there is a correlation between glitch amplitude and the duration of the following inter-glitch interval. In no case is there a correlation of glitch amplitude with the duration of the preceding inter-glitch interval.
INTRODUCTION
After allowing for the accurate determination of the pulsar spin-down, pulse arrival-time measurements display two types of irregularities in the pulsar rotation rate: timing noise and glitches. Timing noise is a continuous wandering of the pulsar rotation rate, on time-scales of days, months and years. In most young pulsars, timing noise is generally very "red", i.e., stronger at lower frequencies (Cordes & Downs 1985) , and the second time-derivative of the pulse frequency is commonly used as an indicator of the level of noise.
Glitches are characterized by a sudden increase in the pulsar rotation rate, often followed by a (partial) recovery toward the pre-glitch status. Glitches were first ob-⋆ E-mail: na.wang@uao.ac.cn served in the Vela pulsar (Radhakrishnan & Manchester 1969; Reichley & Downs 1969) and it was soon realized that they could be an important diagnostic for studying neutron-star interiors (Ruderman 1969; . It is widely believed that these events are caused by either sudden and irregular transfer of angular momentum from a faster rotating interior super-fluid to the solid crust of the neutron star, or quakes in a solid component of the star, or even both. The result is a sudden increase in the rotational frequency ν of the pulsar with a relative magnitude normally in the range 10 −10 < ∆νg/ν < 5 × 10 −6 . Large glitches (∆νg/ν > 10 −7 ) are usually accompanied by jumps in the spin-down rate (∆νg/ν ∼ 10 −4 to 10 −2 ). A characteristic feature of many glitches is a relaxation after the frequency jump, which may occur over periods of minutes to years. In some cases, this relaxation is approximately expo-nential toward the extrapolated pre-glitch state, but many different forms of relaxation are observed, some with multiple timescales. Lyne et al. (2000) presented evidence that the degree of relaxation in different pulsars is related to their spin-down rate |ν|.
Although glitches are a rather rare phenomena, an increasing number of these events have been reported (Wang et al. 2000; Krawczyk et al. 2003; Janssen & Stappers 2006) , permitting more comprehensive statistical studies (e.g., Lyne et al. 2000) . To date about 170 glitches have been observed, in 51 of the over 1800 known pulsars 1 . The most frequent glitches have been detected in PSRs B0531+21 (Crab), J0537−6910, B0833−45 (Vela), J1341−6220 and B1737−30, which have characteristic ages in the range ∼ 10 3 to 10 5 yr. PSR J0537−6910 has glitched 23 times in seven years, with most of the glitches being relatively small in ∆νg/ν terms (typically a few parts in 10 −7 ). Their amplitude shows a strong correlation with the interval to the following glitch (Middleditch et al. 2006) . Glitches in the Crab pulsar are even smaller, with ∆νg/ν typically ∼ 10 −9 . There is normally a rapid exponential decay over several days and a persistent increase in slow-down rate . The Vela pulsar is the prototypical pulsar showing large glitches, with ∆νg/ν generally > 10 −6 although some small and intermediate-sized glitches have been observed. The post-glitch decay is initially exponential, with evidence for several timescales ranging from 1 minute to several hundred days, but subsequently linear till the next glitch (Dodson et al. 2007; Lyne et al. 1996) . PSR B1737−30 is a frequently glitching pulsar which shows a large range of glitch sizes and a high value of the glitch activity parameter
where T is the total data span (McKenna & Lyne 1990; Shemar & Lyne 1996; Zou et al. 2008 ). Significant postglitch decays are observed for the larger glitches. Clearly, the glitch phenomenon in pulsars is complex. Further observations of a larger sample of pulsars will help to quantify and understand processes responsible for the very different glitch and post-glitch behaviours observed both between different pulsars and in different glitches in the same pulsar.
Nearly 280 pulsars are being monitored regularly at Urumqi Observatory in a timing program which commenced in 2000. The aims of the project are to make precise measurements of the position and timing behaviour of pulsars, to provide ephemeris for observations at radio and other wavelengths (e.g., Smith et al. 2008) and to investigate the interiors of neutron stars by monitoring irregularities in their rotation behaviour. In this paper we describe the glitches detected in our observations, together with updated descriptions of the relaxations for some previously reported glitches.
OBSERVATIONS AND ANALYSIS
Timing observations of pulsars using the Urumqi Observatory 25-m radio telescope at Nanshan started in 2000 January with a dual-channel room-temperature receiver. A dual-channel cryogenic receiver system has been used at the central observing frequency of 1540 MHz since 2002 July. Approximately 280 pulsars are observed regularly three times each month and results to 2008 December are reported here. The two polarizations, each of bandwidth 320 MHz, are sent to a filter-bank consisting of 2 × 128 channels of width 2.5 MHz. The data are digitized to one-bit precision, and the integration time is typically 4 to 16 min (Wang et al. 2001) .
Off-line data reduction was performed in the following steps. The data for each pulsar were dedispersed and summed to produce a total intensity profile centered at 1540 MHz. Local arrival times were determined by correlating the data with standard pulse profiles; the pulse times of arrival (TOAs) normally correspond to the peak of the main pulse. TOAs at the Solar-system barycenter were obtained using the standard timing program TEMPO 2 with the Jet Propulsion Laboratories DE405 ephemeris (Standish 1998) . A model for the pulsar timing was fitted to these barycentric TOAs, weighted by the inverse square of their uncertainty. Errors in the fitted parameters are taken to be twice the standard errors obtained from TEMPO. The basic timing model for the barycentric pulse phase, φ, as a function of time t, is
where φ0 is the phase at time t0 and ν,ν,ν represent the pulse frequency, frequency derivative and frequency second derivative respectively. Pulsar positions were derived from long inter-glitch intervals with the residuals being "whitened" by fitting of higher-order frequency derivatives if necessary. Glitches can be described as combinations of steps in ν andν, of which parts may decay exponentially on various timescales. We assume a glitch model for the observed phenomenon as below:
where ∆νp and ∆νp are, respectively, the permanent changes in frequency and frequency derivative relative to the preglitch values and ∆ν d is the amplitude of the exponential recovery with a decay time constant of τ d . We note that for glitches the jump in frequency ν is positive and the jump in frequency derivativeν is usually negative. Sinceν is negative, a negative jump corresponds to an increase in magnitude of the spin-down rate. The total frequency change at the glitch is ∆νg = ∆νp + ∆ν d .
The degree of recovery is often described by the parameter Q: Because of the decaying component, the instantaneous change inν at the glitch differs from ∆νp
Solutions before and after the glitch are used to estimate the steps in frequency and its derivative. If the gap between observations around the glitch is not too large, the glitch epoch can be estimated more accurately by requiring a phase-connected solution over the gap in the TEMPO fit. However if the gap is too large, rotations can be missed and the glitch epoch is estimated as the mid-point of the gap between observations around the glitch.
RESULTS
We present the results of glitch analysis using Nanshan timing data from July 2002 to Dec 2008. Table 1 lists the parameters for the 19 pulsars for which glitches were observed. The first two columns give the pulsar names based on J2000 and B1950 coordinates and the third and fourth columns are their J2000 positions. The next four columns give the pulsar period and period derivative, characteristic age τc = P/(2Ṗ ) and surface dipole magnetic field Bs = 3.2 × 10
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PṖ G. Most of the positions quoted in Table 1 result from our work except for five pulsars where the referenced positions are more accurate. Estimated uncertainties in the last quoted digit, given in brackets, are 2σ from the TEMPO fit in this and following tables. References for the position are given in the final column. The data spans used to determine the positions are the largest available which are not too strongly affected by post-glitch recovery. Typical spans are 3 -5 yr, with a minimum of 2.3 yr and a maximum of 7.5 yr.
As mentioned in Section 2 the data sets used for position fitting are whitened by fitting for higher order derivatives of frequency. In most cases, five or less derivatives are sufficient to whiten the data, giving rms residuals of 100 -700 µs. For PSR J1751-3323, nine derivatives were required and for PSR B1815-14, seven derivatives. Zou et al. (2005) investigated the effect of timing noise on the determination of pulsar positions, showing that an uncertainty of twice the formal TEMPO error is generally realistic for data spans of the order of 5 yr.
In total, 29 glitches were detected in these pulsars. The rotational parameters from independent fits to the pre-glitch and post-glitch data are given in Table 2 . Except for short sections of data, the fits include aν term, which is generally dominated by timing noise or recovery from a previous glitch.
Glitch parameters are given in Table 3 , in which the second column gives the glitch epoch, and the next two columns give the fractional changes in ν andν at the glitch determined by extrapolating the pre-and post-glitch solutions to the glitch epoch. Quoted uncertainties include a contribution from the uncertainty in glitch epoch. Results of directly fitting for the glitch parameters in TEMPO are given in the remaining columns. Decay terms were only fitted when significant decay was observed.
The rotational behaviour of these pulsars are shown in Fig. 1 to 21 . Values of ν andν were obtained from independent fits of Equation 2 (omitting theν term) to data spans ranging from 50 d to 200 d. The residual frequencies have been obtained at the various epochs by the subtraction of the pre-glitch models. We discuss the results for each pulsar in the following Sections. 
PSR B0144+59
This pulsar has a period of 196 ms and a small period derivative implying a relatively large characteristic age of 12.1 Myr. Normally it is a very stable pulsar and has no previously detected glitch. Despite this, we detected a very small glitch at MJD ∼ 53682, with a fractional frequency step of just 0.055 × 10 −9 . There are only four measured glitches with fractional size smaller than this. Also, PSR B0144+59 is the second oldest pulsar for which a glitch has been observed, with the oldest being the millisecond pulsar PSR B1821−24 which has a characteristic age of 29.9 Myr. Fig. 1 shows that after the glitch there is continuous increase of the frequency relative to the extrapolated pre-glitch (i.e., positive ∆νp or decrease in |ν|) that lasts for at least 600 d. This is unusual and opposite to the normal post-glitch decay. It is possible that this tiny glitch in PSR B0144+59 is just a fluctuation in the timing noise, but it does appear distinct in the ∆ν plot. Similar decreases in |ν| following a glitch were observed for PSR B1951+32 (Foster et al. 1990 ) and in the RRAT PSR J1819−1458 ). These may imply an increase in the moment of inertia or a decrease in the spin-down torque at the time of the glitch. For the PSR B0144+59 position fit given in Table 1 , whitening of the residuals required two frequency derivatives.
PSR B0402+61
This pulsar is also relatively old with τc ∼ 1.7 Myr. Fig. 2 shows a small glitch at MJD ∼ 53041 (2004 February) with ∆νg/ν ∼ 0.6 × 10 −9 . In contrast to PSR B0144+59, there is an almost linear decrease of ν relative to the pre-glitch value that lasts for at least 1000 days and overshoots the pre-glitch extrapolation. This is similar to the behaviour seen in the Crab pulsar . The negative ∆νp is seen in Fig. 2 (b) and is listed in Table 3 .
PSR B0525+21
This very long-period pulsar has had three small glitches reported. The first at MJD 42057 (January 1974) had a magnitude of ∆νg/ν = 1.2×10 −9 and an exponential decay with Q = 0.5 and timescale 150 days was measured (Downs 1982; Shemar & Lyne 1996) . Janssen & Stappers (2006) may have occurred at MJD 53375. Our data, shown in Fig. 3 , confirm the glitch at MJD 52284 (our central date is MJD 52280 but the dates are consistent within the uncertainties). The measured Q and τ d values are similar to those for the 1974 glitch. Our data also show another small glitch of magnitude ∆νg/ν = 0.43 × 10 −9 at MJD 53980. However, Fig. 3 shows no evidence for the small glitch (of amplitude ∆ν ∼ 0.05 nHz) at MJD 53375 claimed by Janssen & Stappers (2006) . Although this epoch coincides with a small gap in our data, a limit of ∼ 0.01 nHz can be placed on the amplitude of any glitch at this time. Since Janssen & Stappers (2006) did not show time or frequency residuals for this pulsar, it is not possible to comment on what led them to believe that there was a glitch at this time. We note that it is the smallest of the three glitches that they reported for this pulsar.
PSR J0631+1036
PSR J0631+1036, discovered by Zepka et al. (1996) , has a period of 288 ms and a very large period derivative of 105 × 
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−15 implying a small characteristic age ∼ 44 kyr. As shown in Fig. 4 , three normal glitches and one unusual event which may be a slow glitch were detected in our data. The first glitch at MJD 52852 has an amplitude of ∆νg/ν ∼ 19 × 10 −9 and shows a clear relaxation which is well described by an exponential decay model with τ d ∼ 120 d and Q ∼ 0.62 (Table 3) . A small second glitch was detected around MJD ∼53229. Although it is not so obvious in Fig. 4 , timing residuals around the time of the glitch given in Fig. 5 confirm its reality. Its relative magnitude is ∼ 1.6 × 10 −9 . Fig. 4 shows another event starting at MJD ∼ 54129 which may be related to the slow glitches detected in PSR B1822−09 (Shabanova 1998; Zou et al. 2004; Shabanova 2007) . At MJD ∼ 54129 there is a sudden increase inν (decrease in |ν|) leading to a gradual increase in ν of ∼ 23 nHz over about 130 d. During this time,ν steadily decreased, over-shooting the pre-event value and returning ν to the extrapolation of its behaviour before the event. Table 3 lists the maximum ∆νg/ν of ∼ 6.6×10 −9 . This behaviour is similar to that of the slow glitches observed in PSR B1822−09 (Shabanova 2007) except that the rise inν appears more abrupt and no overshoot is observed for PSR B1822−09, leading to a more permanent increase in ν relative to the pre-glitch solution.
A fourth glitch occurred in June 2008, with an amplitude of ∆νg/ν ∼ 44 × 10 −9 . Although the data span after this event is short, it can be seen from the Fig. 4 that there is a jump in |ν| ∼ 3 × 10 −15 s −2 at the time of the glitch followed by some recovery. It is too early to say if the recovery is exponential, similar to that for the glitch at MJD 52852.
PSR J1705−3423
This pulsar, discovered in the Parkes Southern Pulsar Survey by Manchester et al. (1996) , has a period of 0.255 s and period derivative of 1.07×10
−15 . A small glitch was detected in Oct 2007. A plot of the time variation of ∆ν is given in Fig. 6a . The dominant effect is a small change in ν, with a magnitude of ∼ 2.0 × 10 −9 Hz. Fig. 6b shows no obvious change inν. Zou et al. (2008) and two further smaller glitches at MJD ∼ 54447 and ∼ 54694. Following the large glitch there is a shortterm (∼ 100 d) exponential recovery inν followed by an approximately linear increase inν until the next glitch. This behaviour is very similar to that observed in the Vela pulsar as will be discussed further in §4. Following this large glitch, no further glitches were observed for 1400 days, an unusually long "quiet" period for this pulsar. A small glitch with ∆νg/ν ∼ 41×10 −9 was detected at MJD ∼ 54447. Then, about 280 d later, we observed another small glitch with ∆νg/ν ∼ 2.4 × 10 −9 . This brings the mean glitch rate back close to one per year.
PSR J1751−3323
This pulsar was discovered in a Parkes multi-beam survey by Kramer et al. (2003) . In addition to its noisy timing behaviour, two small glitches were detected around MJD 53004 and 54435 with ∆νg/ν ∼ 2 × 10 −9 and ∆νg/ν ∼ 3 × 10 −9
respectively. Fig. 8 shows that no significant changes inν can be associated with these glitches. 
PSR B1758−23
This pulsar has a period of 415 ms and large period derivative giving it a small characteristic age of 58 kyr. PSR B1758−23 is distant and has a large dispersion measure (DM = 1074 cm −3 pc), resulting in a scattered pulse profile at 1.4 GHz. Furthermore, the pulsar suffers frequent glitches, so it is difficult to obtain a position measurement from timing; the value quoted in Table 1 is from the VLA observations of Frail et al. (1993) .
Six glitches in this pulsar have been reported (Kaspi et al. 1993; Shemar & Lyne 1996; Wang et al. 2000; Krawczyk et al. 2003) , with ∆νg/ν in the range (0.02 -0.34)×10 −6 . Little or no change inν is observed, showing that glitches in this pulsar have no significant post-glitch recovery. Our observations (Fig. 9) reveal a further glitch with ∆νg/ν ∼ 0.494 × 10 −6 at MJD ∼ 53309, the largest seen for this pulsar. As for previous glitches in this pulsar, there is little or no post glitch decay (Fig. 9b and c) , with the fitted value of Q ∼ 0.009.
PSR B1800−21
Two giant glitches were detected for PSR B1800−21 in 1990 and 1997 with ∆νg/ν ∼ 10 −6 (Shemar & Lyne 1996; Wang et al. 2000) , while a small glitch with ∆νg/ν ∼ 5 × 10 −9 in 1996 was found by Krawczyk et al. (2003) . Another giant glitch was detected in 2005 March (MJD ∼ 53444) in our observations. As shown in Fig. 10 , the fractional jump in frequency is ∆νg/ν ∼ 3.9 × 10 −6 . There is an exponential recovery of a small part of the change in ν andν with a time constant of about 120 days, but the main observed recovery is linear. A similar linear increase inν following the previous jump can be seen in Fig. 10 (c) . Once again, this is similar to the Vela pulsar post glitch behaviour . Table 2 shows a largeν both before and after the glitch corresponding to this linear recovery.
PSR B1809−173
PSR B1809−173 suffered a modest jump of fractional size ∆νg/ν ∼ 14.3 × 10 −9 and ∆ν/ν ∼ 3.3 × 10 −3 in 2004 April (MJD ∼ 53105). Observed frequency variations are shown in Fig. 11 . An exponential decay model with τ d ∼ 800 d and Q ∼ 0.27 is an adequate representation of the postglitch relaxation. A second small glitch at Sep 2007 (MJD ∼ 54367) with ∆νg/ν ∼ 1.6 × 10 −9 is also detected.
PSR B1815−14
Fig . 12 shows that a small glitch was detected in PSR B1815−14 around MJD 52057. Fits of a second-order polynomial to the pre-glitch data and cubic polynomial to the post-glitch data are given in Table 2 . Both these and the phase-coherent glitch fit are consistent with a glitch of magnitude ∆νg/ν ∼ 0.54 × 10 −9 and ∆ν/ν ∼ −0.8 × 10 −3 . The post-glitch data show a quasi-periodic oscillation in residuals with period ∼ 1200 d as illustrated in Fig. 13 . Similar quasi-periodic oscillations in timing residuals have been observed in very long data spans by Hobbs et al. (2009) . An increase inν (decrease in |ν|) was observed from MJD ∼ 54000 lasting for ∼ 200 d. This event, which is similar to the slow glitches observed in PSR B1822−09, results in an increase in ν, with ∆ν ∼ 5 nHz. It is possible that similar but smaller fluctuations inν at earlier times result in the quasi-periodicity in ν and the timing residuals. Table 2 .
PSR B1822−09
A total of seven glitches in PSR B1822−09 have been reported in the previous 12 years (Shabanova 1998; Zou et al. 2004; Shabanova 2007) . Five of these glitches are "slow", characterised by a relatively sharp rise inν followed by a decline to roughly its pre-glitch state over 100 -200 d. This results in a gradual spin-up of the pulsar relative to its preglitch state to a new level at which it remains till the next event. A similar event was observed in PSR J0631+1036 as reported above in § 3.4. Here we extend the analysis of Zou et al. (2004) by another four years. Fig. 14 shows that a slow glitch started at MJD ∼ 53720 and a "normal" glitch occurred at MJD ∼54116 . The former was also seen by Shabanova (2007) around MJD 53740 near the end of her data set. The frequency first derivativeν shows a sudden jump of ∼ 1.6 × 10 −15 at the start of the event. The spin frequency increases for about 200 d with respect to the preglitch fit until the increase inν decays away.
For the larger and latest glitch, ∆νg/ν ∼ 0.121 × 10 −6 . Probably because of timing noise and the short post-glitch data span, no clear post-glitch exponential recovery can be seen. Zou et al. (2004) suggested that a small-magnitude slow glitch probably occurred near the end of their data span around MJD 52900. Although there is a small fluctuation in ν andν visible in Fig. 14 at this time, we consider that it is not clear enough to be identified as a slow glitch.
PSR B1823−13
PSR B1823−13 is a young pulsar (∼ 21.4 kyr) with a period of 101.4 ms. Two large glitches have been previously reported by Shemar & Lyne (1996) with ∆νg/ν ∼ 2.7 × 10 −6
and ∆νg/ν ∼ 3.0 × 10 −6 in 1986 and 1992 respectively. Both had a partial exponential recovery with timescale ∼ 100 d followed by a linear increase inν. As shown in Fig. 15 , two new glitches were detected in the Nanshan timing. A small glitch with ∆νg/ν ∼ 3.5 × 10 −9 occurred at MJD ∼ 53238, and a large glitch at MJD ∼ 53734 with ∆νg/ν ∼ 2.4×10 −6 . There is no obvious relaxation after the small glitch, but after the large glitch the relaxation is very similar to that of the earlier large glitches in this pulsar. Fitting for a single exponential decay model with τ d ∼ 75 d and Q ∼ 0.015 gives a relatively good fit to the post-glitch data between MJD and 65 × 10 −24 s −3 respectively. We will further discuss this in §4.
PSR B1838−04
A large glitch with ∆νg/ν ∼ 0.58 × 10 −6 was observed in PSR B1838−04 between MJD 53387 and 53429. This is the first glitch observed in this middle-aged pulsar which was discovered by Clifton & Lyne (1986) . Fig. 16 shows a hint of a short exponential decay, but the main effect of the glitch is what seems to be a permanent change inν. Fitting for this with a 80 d exponential decay gave a value of ∆νp of −0.21 × 10 −15 s −2 (Table 3) .
PSR J1853+0545
We have detected the first known glitch for this recently discovered (Kramer et al. 2003) and relatively old pulsar (3.3 Myr). The glitch is small with a magnitude of ∆νg/ν ∼ 1.46×10 −9 . Fig. 17 shows a partial exponential recovery; fitting for this gives τ d ∼ 250 d, and fractional decay Q ∼ 0.22.
PSR B1900+06
This pulsar has been monitored at Nanshan since 2002 and a small glitch was detected in May 2007 (MJD ∼ 54248). The fractional size is ∆νg/ν ∼ 0.33 × 10 −9 . Fig. 18 shows that where may be some post-glitch recovery, but the data span is too short for further analysis.
PSR B1907+10
PSR B1907+10 has a period of 284 ms and is relatively old (τc ∼ 1.7 Myr). Fig. 19 shows a tiny glitch at MJD ∼ 52700 with ∆νg/ν ∼ 0.27 × 10 −9 . Following that, there is evidence for a slow glitch between MJD ∼ 53700 and ∼ 54400. A gradual but significant increase in frequency of about 5 nHz was observed with a corresponding perturbation inν. Although this may be just a fluctuation in the timing noise, it does have the characteristics of the slow jumps observed in PSR B1822−09 and some other pulsars.
PSR B1913+10
This pulsar has a period of 405 ms and characteristic age τc ∼ 0.4 Myr. Fig. 20 shows that a small glitch with ∆νg/ν ∼ 
× 10
−9 was observed at MJD ∼ 54162. Although the post-glitch data span is small, there is clear evidence for an increase in |ν| indicating some post-glitch recovery.
PSR B2224+65
PSR B2224+65 is the high-velocity pulsar associated with the Guitar Nebula (Cordes et al. 1993) . It has a period of 0.682 s and a characteristic age of 1.1 Myr. A giant glitch with ∆νg/ν ∼ 1.7 × 10 −6 occurred in 1976 October (Backus et al. 1982) and three tiny glitches (∆νg/ν < 0.2×10 −9 ) between 2000 December and 2005 March were reported by Janssen & Stappers (2006) . The long dashed line in Fig. 21 marks another glitch detected in the Nanshan data. This event at MJD ∼ 54266 has ∆νg/ν ∼ 0.39 × 10 −9 . There is some evidence that |ν| decreased after the glitch, similar to PSR B0144+59 ( § 3.1).
The short dashed lines mark the second and third small glitches claimed by Janssen & Stappers (2006) at MJD 52950 and 53434 for which the estimated ∆νg values were 0.12 × 10 −9 Hz and 0.28 × 10 −9 Hz, respectively. (Nanshan observations commenced in 2002 August, after the time of the first small glitch.) Fig. 21(b) shows that the pulse frequency was increasing (relative to the pre-glitch solution) across the interval covered by these claimed glitches, but the increase appears smooth and no glitch larger than about 0.1 × 10 −9 Hz is evident in the data. As for PSR B0525+21, Janssen & Stappers (2006) did not give phase or frequency residual plots for this pulsar, so it is not possible to assess the evidence for their claimed glitches. 
DISCUSSION
The study of pulsar glitches provides one of the few ways of probing the interior of neutron stars. Previous studies have shown that glitch properties, specifically characteristics of the post-glitch recovery, vary greatly from one pulsar to another and for different glitches in the same pulsar. Furthermore, while inter-glitch intervals are relatively short ( < ∼ 1 yr) in some young pulsars, they are much longer in older pulsars, with many having no observed glitch over observing spans of 30 years or more. It is therefore valuable to continue timing observations of a large sample of pulsars in order to better characterise glitch properties and hopefully to lead to a better understanding of the mechanisms involved and the underlying properties of neutron stars. This paper reports on glitches detected in continuing observations of a sample of 280 pulsars using the 25-m Nanshan telescope of Urumqi Observatory. We detected 29 glitches in 19 pulsars, with this being the first detection of a glitch in 12 of these pulsars. With those already listed in the ATNF Pulsar Catalogue, this increases the number of pulsars with detected glitches to 63 and the total number of detected glitches to 199. Fig. 22 shows the distribution of glitching pulsars among all known pulsars as a function of characteristic age. About half of all known pulsars with ages less than 3 × 10 4 yr have detected glitches, but for older pulsars the fraction is much less, with no glitches being detected in pulsars older than 3 × 10 7 yr. The range of fractional glitch amplitude ∆νg/ν for glitches detected in our work is from 4.4×10 −11 to 3.9×10 −6 . Fig. 23 shows the distribution of fractional glitch amplitude for all known glitches 3 . The detection threshold for a glitch depends upon the quality of the TOAs, the frequency of the observations and the intrinsic timing noise. TOA uncertainties depend on the telescope and receiver parameters and the pulsar flux density and pulse width. For the Nanshan observations, they are typically 100 -300 µs. The pulsar timing project at Nanshan benefits from frequent and regular observations on a large sample of pulsars. Although there are some longer gaps due to instrumental or scheduling issues, observations of all pulsars are typically at 10-day intervals. The level of intrinsic quasi-continuous timing noise varies greatly from pulsar to pulsar. This and the overall sensitivity of the observations to small glitches is best assessed from the ∆ν plots given for each pulsar. Typically, the sensitivity is in the range (0.1 − 1.0) × 10 −9 Hz. Our work has revealed eight small glitches with relative size < 10 −9 . These studies have extended the sample of small glitches and indicate that the frequency of occurrence of small glitches is comparable to that of "giant" glitches with ∆νg/ν > ∼ 10 −6 (cf., Lyne et al. 2000) . Fig. 24 shows glitch fractional amplitudes plotted against the pulsar age. Although there is large scatter, there is a clear tendency for the average ∆νg/ν to increase with age up to somewhere between 10 4 and 10 5 years and then to decrease with increasing age. The increased detection of small glitches reported in this and other recent papers (Krawczyk et al. 2003; Cognard & Backer 2004; Janssen & Stappers 2006) has clarified this trend. Very small glitches with ∆νg/ν < 10 −9 are only seen in pulsars with age greater than 10 5 yr. Lyne et al. (2000) found that the jump inν at the time Figure 25 . Plot of glitch activity parameter, Ag versus the absolute value of the spin-down rateν. The dash indicates equal values of these two quantities. Upper limits of Ag are given by assuming one glitch ∆νg/ν = 10 −9 occurred for young pulsars with no detected glitch and τc < 10 5 yr. Frequent glitching pulsars are marked specifically.
of a glitch, ∆νg, was related to the value ofν, with the fractional change ∆νg/ν being approximately constant. Table 3 shows that most of the measured values are about 10 −3 , but there is a scatter of up to two orders of magnitude in the ratio, even for different glitches in a given pulsar.
The glitch activity parameter, Ag (Equation 1) is a way of quantifying the contribution of glitches toν. Since pulsars slow down,ν is negative, but glitches are spin-ups and hence the contribution is positive. In some models, the fractional contribution is related to the fraction of the neutron-star moment of inertia which is in superfluid form (e.g., Ruderman et al. 1998 ). Fig. 25 shows the dependence of activity parameter on |ν|. Again there is a large scatter, but there is a tendency for increasing activity with increasing |ν| with the ratio between them ranging between 10 −2 and 10 −5 . There seems to be a turn-over for the pulsars with largest |ν|, for example the Crab pulsar and PSR J0537−6910, having relatively smaller activity parameters. There is one pulsar, PSR J2301+5852 (the 7 s anomalous X-ray pulsar 1E 2259+586 in the supernova remnant CTB 109), where this ratio is close to 1.0. However, it should be noted that only one glitch has been observed in this pulsar , so the derived activity parameter is effectively an upper limit.
Glitches are generally attributed to the release of stress built up as a result of the steady spin-down of the pulsar. This stress may be in the solid crust, relieved by crustal starquakes , or may be on pinned vortices in the superfluid interior, relieved by a collective unpinning of many vortices (Anderson & Itoh 1975) . Both of these result in a sudden spin-up of the crust and hence a jump in the observed pulse frequency. In these models, one might expect a correlation of glitch size with the duration of the preceding or following inter-glitch interval, depending on the detailed mechanism. A strong correlation between the size of glitches and the length of the following inter-glitch interval was observed for PSRs J0537−6910 (Middleditch et al. 2006 ) and B1642−03 (Shabanova 2009 ), but such a clear correlation is not observed in other pulsars. Fig . 26 and 27 shows the dependence of the fractional glitch amplitude on the length of the preceding and following interglitch intervals respectively for the most frequently glitching pulsars. Despite the naive expectation that glitches would be large after a long build-up period, there is very little correlation of glitch amplitude with length of the preceding interval. For example, the Crab pulsar and PSR B1737−30 have a wide range of both parameters and there is essentially no correlation. Most glitches in the Vela pulsar are large and have long inter-glitch intervals. Two smaller glitches have been observed with shorter preceding intervals, but the preceding interval for the smallest glitch is more than four times the interval for the next smallest which is more than an order of magnitude larger. For PSR J0537−6910, there is no correlation and, for PSR B1338−62, if anything there is a negative correlation. Pulsars have a wide variety of post-glitch behaviours. Most show some form of relaxation toward the extrapolated pre-glitch solution after a glitch. However, there are some cases where the pulsar simply keeps spinning at the new rate with no change inν. In terms of the exponential decay model (Equations 3 -7), ∆ν d ≈ 0, ∆νg ≈ ∆νp, Q ≈ 0 and ∆νg ≈ 0. PSR B1758−23 is a good example of a pulsar with large glitches having these characteristics. For small glitches, it is generally not possible to measure any decay since it is masked by random and systematic timing noise.
In some pulsars there is an apparently permanent change inν at the time of a glitch, for example, PSRs B0144+59, B0402+61, B1838−04 and B2224+65. For PSR B0144+59 and possibly PSR B2224+65, the change is positive which is unusual and not in accord with the exponential decay model. For the others, it is of course possible that the decay is exponential but with a time constant much longer than our post-glitch data span.
Exponential recoveries are seen in many pulsars, but these generally have relatively short timescales, ∼ 100 d, and low Q, that is, only a fraction of the initial frequency jump decays. Examples are the first observed glitch in PSR J0631+1036 and the large glitches in PSRs B1800−21 and B1823−13. For PSR B1838−04, there is a short exponential recovery preceding the long-term decay mentioned above.
These small exponential recoveries are often associated with other post-glitch behaviours. For example, they precede linear increases inν in PSRs B1737−30, B1800−21 and B1823−13. The latter two pulsars also show an effectively permanent increase in |ν| at the time of the glitch, that is, the linear post-glitch recovery is approximately parallel to but below that existing before the observed glitch (see Figures 10 and 15) . Very similar behaviour is observed in the Vela pulsar , and in PSRs B1046−58, B1706−44 and B1727−33 (Shemar & Lyne 1996; Wang et al. 2000) . Table 4 gives the observedν slopes, i.e.,ν, for the linear portion of the recovery. The slope in the Vela pulsar is an order of magnitude greater than for the other pulsars. For PSRs B1800−21 and B1823−13, multiple glitches with linear behaviour are observed, but the slopes are distinctly different for the different glitches, varying by about a factor of two. Similar slope variations are evident in the Vela data . The apparent braking indices
corresponding to the linear increases inν are also given in Table 4 . Values range between 12 and 40, emphasising that these changes are due to internal dynamics in the neutron star, not to magnetic-dipole braking (for which n = 3). Although the Vela pulsar has the largest values, there is no clear correlation of either the slope or the braking index with pulse period or characteristic age. Table 4 also gives the maximum observed fractional glitch size, showing that all of these pulsars have giant glitches. However, it is worth noting that linear recoveries are not observed in PSRs B1338−62, J1617−5055, B1757−24 and J2021+3651, despite these having similar characteristic ages and similar maximum glitch sizes. Fig. 28 shows the fraction of ∆νg which decays, Q, versus characteristic age. Except for one event with Q ∼ 0.1, the Figure 28 . The fraction parameter Q in which a glitch ∆νg decays, versus characteristic age. Figure 29 . Glitch decay time-scale versus pulsar characteristic age.
Crab pulsar usually has a large Q between 0.7 and 1.0. Although there is some tendency for decreasing Q with increasing age (Wang et al. 2000) , several old pulsars, for example, PSRs B0525+21, B1642−03, B1809−173 and J1853+0545 show some evidence for exponential relaxation. Fig. 29 shows that, with the addition of PSR B1642−03 (Shabanova 2009) , there is a clearer correlation of decay timescale with age than was previously evident (Wang et al. 2000) . This suggests a connection with the internal temperature of the neutron star (cf. Alpar et al. 1989) .
Two new examples of the "slow glitch" phenomenon, in PSRs J0631+1036, and B1907+10, have been identified in this paper. Previously, slow glitches have only been identified in one pulsar, PSR B1822−09 (Shabanova 1998; Shabanova & Urama 2000; Zou et al. 2004; Shabanova 2005 Shabanova , 2007 . Although it is possible to interpret these events as fluctuations in timing noise, they appear to be distinct and repeatable with similar characteristics. Hence it is reasonable to consider them as a separate category. PSR B1822−09 has had five slow glitches between 1995 and 2004 and one more in 2006 reported in this work. The new slow glitches detected in PSRs J0631+1036 and B1907+10 significantly increase the sample of slow glitches. The event in PSR J0631+1036 is similar in size and characteristics to those in PSR B1822−09, with an increment inν of about 2 × 10 −15 s −2 lasting ∼ 100 d. However it differs in that the decline inν overshot the pre-event value, resulting in an effective spin-down of the period to approximately its extrapolated value. In PSR B1822−09, the spin-ups persist until the next event.
The results presented in this paper significantly increase the sample of known pulsar glitches. They further illustrate the complex nature of glitches, with a great diversity of glitch sizes and modes of post-glitch recovery being observed, both in individual pulsars and across different pulsars. They also strengthen the identification of slow glitches as a distinct phenomenon. While there are several different models for glitches, as yet none of these models satisfactorily account for this diversity and so the promise that glitches have as probes of the interior of neutron stars has not yet been fully realised. Hopefully, these and future results will act as a stimulus for a better understanding of the mechanisms involved and their implications for the physics of neutron-star interiors. 
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